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SUMMARY

When seismically designing equipment, such as ground supported tanks of nuclear
power plants, the free field response spectra are normally applied to a model having
a fixed base. The consideration of soil structure interaction, which routinely
has been applied to nuclear power plant building structures constructed on the so0i1l
surface, has not normally been applied to equipment.

In this study, the effect of soil structure interaction on seismic response of
tanks will be evaluated as a function of soil surface stiffness and depth using the
calculated soil stiffness equations developed by Dr. H. Tajimi. The authors
investigated the infTuence of the soil properties and composition represented as soil
springs which depend on the soil conditions (shear modulus, density, Poisson's ratio)
and the depth of soil surface.

The results of this study are presented in the form of graphs which may be used
to identify the range of soil parameters which have a significant effect on the seismic
response of typical nuclear power plant tanks.

In this paper, a typical example to express the jnfluence of the soil surface for
seismic response and vibrational characteristics is presented.
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1. INTRODUCTION

When designing ground supported vertical storage tanks for earthquake resjstance,
it may be important to consider the tank and soil interaction. To investigate this
effect, a simple foundation profile of two layers was considered; one representing the
.surface layer of soil and the other the base rock. Both layers in the soil profile
combine to produce resistance, which in this simplified evaluation are modeled as a
spring for each degree of freedom. The relative stiffnesses of the soil layers are
computed using the formulae developed by Dr. H. Tajimil). In these formulae the
stiffness ratio and the dimensionless depth of the soil profile are the controlling
parameters. The calculated coefficient factors{CF) as developed and defined in
Section 2 of this paper are shown in Table 1 and Figure 1. The relation of effective
stiffness ratio to profile depth and to soil stiffness are shown in Figures 2 and 3.

The ground supported tank shown in Figure 4, was modeled as a stick with a diameter
to height ratio that is common to many ground supported tanks at nuclear power plant
facilities. The water in the tank was modeled by using Jumped masses and the effect
of the soil was modeled by using springs. The parametric study of the soil was combined
with eigenvalue and response spectrum analyses. The resﬁahse spectrum used for the
analysis was the Reguiatory Guide 1.60 5)spectrum shown in Figure 5.

Finally, the effect of soil structure interaction on the natural frequency and
response was determined, and the relationship to the CF and typical tank analytical
results were obtained. For tanks of dimensions similar to the tank considered in this
paper, one can make a general determination of the influence of the soil upon the tank
using these tables and curves. In particular the paper identifies the effect of
relative stiffness of foundation material to the seismic results of the tank.

2. THEORY QOF SOIL STIFFNESS PROPERTIES

There are many studies about the estimation of soil stiffness properties. In this
paper, the formulae of Dr. H. Tajimi for general stiffness estimation of Tayerd soils
were applied.
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In Figure (b), the Tload (a) (b} (c)
P acts on layered soil with shear moduli of G1 and Gy and produces a displacement U in
the same manner as Figure (a} under the assumption of the same stress distribution inside

the soil. The displacements U and U1 can be related by the following equations.

G
= U [ 1= Fy(B) +g FylB)] mmmmmmmemm oo (1)
where, &, = Zl/R as in Figure (¢}, and
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where L/- Poisson’'s ratio.
To arrive at an equivalent shear modulus to be used in the common soil stiffness

formula, we must define the coefficient factor {(CF). Setting ? = Gl/GZ’ the CF is
defined as follows;
_ju 1 1 - F(&) + T-F(5)
CF -j—--—- =/ ---------------------------------- 3

Using the CF , an equivalent shear modulus Ge can be computed.

Be = 6y (CF)2 e ()

For the horizontal spring's calculation, this equivalent shear modulus may be used
in Bycroft's equation for soil spring stiffness as follows;

KH = 32 1‘V)‘GE'R _______________________________________________ (5)
7-81

The vertical and rotational stiffness are computed by a similar procedurel).

{vertical stiffness)

2
R A S R (6)
Ky = —&i%%jﬂ— (by TiMOSHENKD} ~=m === m o o e {7)

(rotational stiffness) : i z
D S L3 _ £l _ "
Fol6) = rripy [ 25 Fr * [TanTs * 20-) (F5 -25)7-- (s)
_ 8-Ge-R
B 3{1-V)
For each case the CF and Ge are computed and used in the corresponding spring
stiffness eguations. Table 1 and Figure 1 show the results of the horizontal and

K (by Borowicka) -—=—--m=m-memmmme e {9}

rotational calculations. Figures 2 and 3 show the relations of stiffness ratio to

depth and stiffness of the soil surface. These figures show that the relative

hardness of the soil Tayer has more influence on the stiffness ratio than the dimensionless
depth of the soil surface layer. Also, when the dimensionless depth & is greater than
1.0, the equivalent stiffness is almost constant.

3. COMPUTER ANALYSIS
3.1 MODEL

The authors assumed an aTuminum tank, 30" in diameter, 3D' in height and filled with
water to 29' high, Figure 4 shows the model of the tank with soil springs.

For the analyses, the SAP IV computer program and Regulatory Guide 1.60 spectrum
shown in Figure 5 were used; this spectrum s obtained from RG. 1.60 {8=7%) and the
maximum acceleration was normalized to 0.1lg ZPA(Zero Period Acceleration) in this analysis.

Table 2 shows the analytical cases and condition for the parametric survey of the
influence of the soil.

Since sloshing effects for this tank geometry are 1imited, only the impulsive mass of
the fluid was considered in the computation for the natural frequency, base shear and
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overturning moment of the tank. The impulsive water mass distribution was calculated
by the formula as follows;

Xs cosh(-ﬂégizl)
mass =f-VI =j’-x-RZS (1 -——————) dx ——=mmmsmemrroramn s {10)
1 cosh -%%—

where, §= mass density of water, VI = jmpulsive volume, R = tank radius
H = fluid height, Xl, XZ, X = depth in fluid, N = constant depending on
ratio of H to R and usually N=6.88

3.2 RESULTS
Table 3 shows the results of the parametric analyses and Figure 6 shows the

relationships between the CF and the natural frequency ratio (FO/F), base shear ratio
(Q/QD) and overturning moment ratio (M/MO) where the D subscript indicates the case of
base rock with no seil surface layer. The relationships between the 1st and 2nd
modes and the CF were obtained. No seismic analysis results are presented here for
the variable depth cases because the effect of deeper s0il is minor, compared to the
effect of stiffer soil on the stiffness ratio.

4. CONCLUSION

The conclusions of these analyses are as follows;

1) The influence of the depth and stiffness of the soil on the response of ground
supported vertical tanks can be obtained from the curves and tables, developed
in this paper using the formuiae of Dr. H. Tajimi.

2} The CF can be correlated with the results of eigenvalue analyses and response
spectrum analyses.

3} For typical ground supported tank founded on soils having a shear modulus greater
than 3.5 X 106 1b/ft2 (shear velocity 1DO0 ft/sec), explicit introduction of
s0il structure interaction effects is not warranted.

The authors treated the problem of soil structure interaction in a very simple way and
hope the results can be used to expedite the analysis of ground supported vertical tanks
on soil foundations.
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TABLE 1 COEFFICIENT FACTOR
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FIGURE 1 COEFFICIENT FACTOR
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TABLE 2 ANALYTICAL CASES
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TABLE 3 RESULTS OF SETISMIC ANALYSIS

CASE © CASE A CASE B CASE C CASE D(2) CASE E
cp Hori. 1000 8. 249 5.847 3724 7,664 1.926
Rota. 1.000 8.297 5. 880 3,764 2.677 1.934
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3 (Hz) 19.96(F,) | 16.26 17.80 19.02 19.49 19.73
< | 2nd
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